Reflexes initiated by the carotid body, the principal O 2 -sensing organ, are critical for maintaining cardiorespiratory homeostasis during hypoxia. O 2 sensing by the carotid body requires carbon monoxide (CO) generation by heme oxygenase-2 (HO-2) and hydrogen sulfide (H 2 S) synthesis by cystathionine-g-lyase (CSE). We report that O 2 stimulated the generation of CO, but not that of H 2 S, and required two cysteine residues in the heme regulatory motif (Cys 265 and Cys
INTRODUCTION
Cellular communication is mediated through diverse signaling molecules, including proteins, lipids, amino acids, and gases. Gaseous messengers are distinctive among signaling molecules in that they cannot be stored in vesicles. This suggests that gaseous messenger signaling depends on tightly regulated in situ enzymatic synthesis instead of exocytotic machinery. Despite a growing recognition of the widespread importance of gaseous messengers in various biological processes (1), little is known about their regulation under physiological conditions.
The gaseous messenger carbon monoxide (CO) is important for oxygen (O 2 ) sensing (2) (3) (4) . In the carotid body, changes in blood O 2 concentrations are transduced into changes in CO production. CO signaling during normoxia inhibits the carotid body sensory nerve activity, whereas decreased CO generation during hypoxia increases the carotid body neural output (2, 3) . CO acts similarly in the brain to alter cerebral blood flow (4) . High CO concentrations during normoxia elicit vasoconstriction, whereas decreased CO signaling during hypoxia results in vasodilation. CO synthesis in the carotid body (2, 3) and in the brain (4) is catalyzed by the constitutively expressed enzyme heme oxygenase-2 (HO-2) (5). It is unclear how changes in O 2 concentrations affect CO synthesis by HO-2.
Whereas CO generation is sensitive to changes in O 2 , CO by itself does not trigger responses to hypoxia. Instead, CO affects the generation of another gaseous messenger, hydrogen sulfide (H 2 S) (3, 4, 6, 7) . H 2 S mediates increased carotid body sensory nerve activity (3, 7) and cerebral vasodilation (4) during hypoxia. Emerging evidence suggests that CO suppresses H 2 S signaling by inhibiting the H 2 S-synthesizing enzymes cystathionine-g-lyase (CSE) (7) and cystathionine b-synthase (CBS) (4, 6, 8, 9) . CSE is the predominant source of H 2 S in peripheral tissues such as the carotid body (7, 10) , whereas CBS is responsible for most of the H 2 S production in the brain (11, 12) . It is believed that CO directly inhibits CBS by binding to its heme moiety (6, 8, 9) . Unlike CBS, however, CSE is not a heme-containing protein, indicating that CO inhibits CSE by an alternative and unknown mechanism.
O 2 sensing by the carotid body is critical for regulation of vital functions including breathing, heart rate, and blood pressure under hypoxic conditions (13) . Given the critical roles of CO and H 2 S signaling for sensory function of the carotid body (3, 7), we sought to determine how changes in O 2 affect CO and H 2 S generation by carotid body chemoreceptor cells. The limited availability of carotid body tissue (wet weight of the mouse carotid body is 25 mg) necessitated first studying the effects of O 2 on CO and H 2 S generation in human embryonic kidney (HEK) 293 cells heterologously expressing HO-2 and CSE. The mechanisms identified in vitro were then validated in mouse carotid bodies.
RESULTS

Cys
265 and Cys 282 are critical for O 2 -sensitive CO generation by HO-2
We first examined the effect of changes in the partial pressure of O 2 (PO 2 ) on CO generation in HEK-293 cells heterologously expressing HO-2. Cells expressing HO-2 generated more CO under normoxia (PO 2 = 142 ± 3 mmHg) than did empty vector-transfected cells. Reducing the PO 2 from 142 to~90 mmHg had no significant effect, whereas further reductions in PO 2 resulted in a progressive decrease in CO generation in a stimulusdependent manner as compared with normoxia ( Fig. 1A and fig. S1A ). These findings demonstrated that CO generation by HO-2 was inherently responsive to changes in PO 2 .
We next sought to delineate the mechanism underlying the inherent O 2 sensitivity of HO-2. HO-2 has three cysteine residues (Cys unless otherwise stated) in the heme regulatory motif (Fig. 1B) (14) . We investigated whether these cysteine residues are required for the sensitivity of HO-2 to O 2 . Substituting alanine for either Cys 265 or Cys 282 reduced the O 2 sensitivity of HO-2, whereas mutation of both Cys 265 and Cys 282 eliminated modulation of CO generation by hypoxia (PO 2 = 36 ± 4 mmHg; Fig. 1B ). In contrast, substitution of alanine for Cys 127 had no effect on CO production during hypoxia (Fig. 1B) .
We then investigated whether changes in O 2 affinity accounted for the loss of O 2 -sensitive CO generation in cells expressing double mutant (C265A/C282A) HO-2. We found that the apparent Michaelis constant (K m ) of wild-type HO-2 for O 2 was 65 ± 5 mmHg (~88 mM), a value close to that reported previously (15) . In contrast, the K m of HO-2 C265A/C282A was 25 ± 3 mmHg (~34 mM; Fig. 1C and fig. S1B ). These findings suggest that Cys 265 and Cys 282 confer low O 2 affinity for HO-2, thereby rendering CO generation sensitive to changes in PO 2 .
O 2 -dependent HO-2 activity inhibits H 2 S generation by CSE In contrast to the intrinsic O 2 sensitivity of CO generation by HO-2, H 2 S generation in CSE-expressing HEK-293 cells was unaffected by changes in PO 2 ( Fig. 1D and fig. S1C ). To reconcile the observations that CSE is not directly sensitive to O 2 , but H 2 S generation from CSE increases during hypoxia in the carotid body (7), we hypothesized that CSE was regulated by O 2 -sensitive CO generation. Whereas cells expressing only CSE displayed steady H 2 S generation regardless of changes in PO 2 , cells coexpressing HO-2 and CSE exhibited decreased H 2 S concentrations during normoxia and increased concentrations during hypoxia (Fig. 1E and fig. S1D ), recapitulating the O 2 -dependent H 2 S generation in the carotid body (7). However, H 2 S concentrations remained unchanged during hypoxia when CSE was coexpressed with the O 2 -insensitive mutant HO-2 C265A/C282A (Fig. 1F and fig. S1E ). These results demonstrate that CO is an inhibitor of CSE and that O 2 -dependent CO generation contributes to increased H 2 S generation by CSE in hypoxic cells.
CO inhibits CSE through cyclic guanosine monophosphate
To delineate the mechanism by which CO inhibits CSE, we first considered whether CO inhibits calmodulin, a calciumdependent activator of CSE (12 fig. S2C ), arguing against a mechanism in which CO inhibits H 2 S by regulating calmodulin activity. CO binds to and activates soluble guanylyl cyclase (sGC) (16) , which catalyzes the synthesis of the second messenger cyclic guanosine monophosphate (cGMP). To determine whether CO regulates H 2 S generation through sGC/cGMP signaling, we challenged CSE-expressing cells with the CO donor [Ru(CO) 3 Cl 2 ] 2 [tricarbonyldichlororuthenium (II) dimer] (CORM-2) (17). CORM-2 increased cGMP concentrations and reduced H 2 S generation (Fig. 2, A and B) . Transfection of a small interfering RNA (siRNA) targeting the a1 subunit of sGC ( fig. S3A ) prevented cGMP accumulation and preserved H 2 S generation in CORM-2-treated cells (Fig. 2, A and B) .
To confirm that HO-2-derived CO stimulates sGC/cGMP signaling as does exogenous CO, we measured cGMP and H 2 S concentrations in cells coexpressing HO-2 and CSE. Cells expressing HO-2 as well as CSE produced more cGMP under normoxia than did cells expressing only CSE (Fig. 2C) . The increase in cGMP was associated with suppressed H 2 S production (Fig. 2D) . siRNA-mediated silencing of sGC reduced cGMP concentrations and prevented HO-2 from inhibiting H 2 S generation under normoxia (Fig. 2, C and D) . Hypoxia, which inhibits HO-2 activity, reduced cGMP concentrations and increased H 2 S generation. Hypoxia had no further effect on cGMP or H 2 S concentrations in cells with sGC knockdown (fig. S3 , B and C). Together, these results demonstrate that CO, through sGC/cGMP signaling, inhibited CSE-dependent H 2 S production. 
CO induces protein kinase G-dependent phosphorylation of CSE
A major biological action of cGMP is the activation of cGMP-dependent protein kinase G (PKG) I and II, which phosphorylate serine and threonine residues in target proteins (18) . We explored whether activation of cGMP signaling by CO stimulates PKG to phosphorylate CSE. CSE immunoprecipitates from CSE-expressing HEK-293 cells were immunoblotted with antibodies recognizing phosphoserine. Treatment of CSE-expressing cells with CORM-2 induced an increase in the serine phosphorylation of CSE (Fig. 2E) . Likewise, cells coexpressing HO-2 and CSE also exhibited a robust increase in serine phosphorylation of CSE under normoxia (Fig.  2F ). siRNA-mediated silencing of either sGC or PKG II, which is more abundant in the mouse carotid body than PKG I ( fig. S3D ), prevented phosphorylation of CSE evoked by CORM-2 in CSE/HO-2-coexpressing cells under normoxia (Fig. 2 , E and F, and fig. S3E ). Exposure of HO-2/CSEcoexpressing cells to hypoxia markedly reduced phosphorylation of CSE, which completely recovered after being returned to normoxic conditions ( Fig. 2F) , demonstrating the reversible nature of O 2 -dependent CSE phosphorylation.
We next sought to identify the serine residue in CSE that is phosphorylated by PKG. CSE belongs to a family of pyridoxal-5-phosphate-dependent enzymes (19) . Sequence alignment of CSE across species revealed that Ser 377 is located within a highly conserved putative PKG recognition sequence ( Fig. 3A) (18) . Mutating Ser 377 to alanine (S377A) abolished CORM-2-or HO-2-induced serine phosphorylation of CSE (Fig. 3, B by PKG as a switch by which CO regulates H 2 S generation by CSE.
PKG signaling inhibits H 2 S generation and sensory nerve activity of the carotid body
We assessed the relevance of PKG regulation of CSE on carotid body function. Because carotid bodies produce high amounts of CO during normoxia (3), we hypothesized that activation of PKG by CO inhibits H 2 S generation from CSE and maintains low sensory activity, whereas inhibiting PKG, similar to exposure to hypoxia, should increase H 2 S concentrations and augment carotid body sensory nerve activity. Indeed, application of a PKG inhibitor, (Rp)-8-pCPT-cGMPS (8-pCPT), increased H 2 S generation in a dose-dependent manner in wild-type carotid bodies with a concomitant increase in sensory nerve activity under normoxia (PO 2 = 142 ± 3 mmHg). However, the PKG inhibitor did not affect H 2 S concentrations or sensory nerve activity in CSE-null carotid bodies (Fig. 4 , A to D).
To further assess the role of CO-induced PKG signaling, we treated wild-type carotid bodies with the CO donor CORM-2 or the sGC activator (20) . Both CORM-2 and YC-1 blocked the increase in H 2 S concentrations in response to hypoxia, and pretreating the carotid bodies with a PKG inhibitor or the sGC inhibitor ODQ (1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one) prevented CORM-2 or YC-1 from inhibiting H 2 S generation ( Fig. 4E ; YC-1 data in fig. S4 ), demonstrating that CO signals through the sGC/ PKG pathway to inhibit H 2 S generation. Neither activating nor inhibiting the sGC/PKG signaling pathway altered H 2 S concentrations in CSE-null carotid bodies ( Fig. 4E ; YC-1 data in fig. S4 ), providing further evidence that CSE is the target of CO-induced sGC/PKG signaling. Likewise, both CORM-2 and YC-1 reduced carotid body sensory nerve excitation by hypoxia in wild-type but not in CSE-null carotid bodies, and these effects were reversed by either a PKG inhibitor or the sGC inhibitor ODQ (Fig. 4 , F to J; YC-1 data in fig. S4 ). 
HO-2 governs O 2 sensing of the carotid body
The inherent O 2 sensitivity of HO-2 and its ability to regulate the generation of the effector molecule H 2 S led us to investigate whether carotid body O 2 sensing is fundamentally governed by HO-2. In carotid bodies from wild-type mice, HO-2 was present in glomus cells, which are the primary O 2 -sensing cells of the carotid body (13), whereas HO-2 was absent in carotid bodies from HO-2-null mice (Fig. 5A) , which exhibited a >90% reduction in CO production compared to wild-type carotid bodies (Fig. 5B) . If HO-2-dependent CO generation is obligatory for carotid body O 2 sensing, HO-2-null mice should exhibit augmented basal sensory nerve activity and H 2 S concentrations in the carotid body. Indeed, H 2 S generation and baseline sensory nerve activity were greater in HO-2-null carotid bodies than in wild-type (Fig. 5 , C to E). However, H 2 S concentrations and sensory nerve activity still increased in hypoxia (Fig. 5, C, D, and F) , suggesting the existence of a residual regulatory mechanism that does not involve HO-2. HO-2/CSE double-null carotid bodies did not exhibit a sensory nerve response to hypoxia, demonstrating that this residual O 2 -sensing mechanism exploited H 2 S generation by CSE to trigger sensory nerve excitation (Fig. 5, C to F) .
Neuronal nitric oxide synthase abundance is increased in HO-2-null glomus cells
Immunocytochemistry of HO-2-null carotid bodies revealed neuronal nitric oxide synthase (nNOS) staining in glomus cells (Fig. 6A) . In contrast, nNOS staining was not detectable either in glomus cells or in nerve fibers of wild-type carotid bodies (Fig. 6A) . nNOS generates nitric oxide (NO) in an O 2 -dependent manner (21) , and similar to CO, NO inhibits carotid body sensory nerve activity (22) . Treatment of HO-2-null carotid bodies with the nNOS inhibitor 7-nitroindazole (7-NI) (23, 24) increased baseline H 2 S concentrations and sensory nerve activity, suggesting that NO could also be a physiological inhibitor of H 2 S generation. 7-NI also eliminated the O 2 sensitivity of HO-2-null carotid bodies (Fig. 6 , B to E). 7-NI did not affect H 2 S concentrations or sensory nerve activity in HO-2/CSE double-null carotid bodies (Fig. 6, B (Fig. 6, F and G ). These results demonstrate that NO and CO regulate H 2 S generation in a similar manner, through phosphorylation of CSE at Ser 377 .
DISCUSSION
Emerging evidence suggests that CO and H 2 S are critical for O 2 sensing by the carotid body (3, 7, 10); however, the molecular mechanisms by which O 2 affect the generation of these gaseous messengers have been elusive. Our results establish that HO-2 is sensitive to changes in O 2 availability, even in a heterologous system, such that CO generation is high under normoxia and low during hypoxia. This unique O 2 sensitivity requires Cys 265 and Cys
282
, which lower the O 2 affinity of HO-2 and enable the enzyme to transduce changes in O 2 into changes in CO generation. The carotid body sensory nerve activity begins to increase only when the arterial blood PO 2 drops to anywhere between 60 and 80 mmHg [see (13) for references], which coincides with the apparent K m of HO-2 for O 2 of~65 mmHg. Thus, the low affinity of HO-2 for O 2 is physiologically critical to O 2 sensing by the carotid body.
In contrast, H 2 S generation by CSE is not directly sensitive to changes in PO 2 . CO is a physiological inhibitor of H 2 S generation by CSE (7). Increased H 2 S generation during hypoxia is due to decreased CO generation, resulting in reduced inhibition of CSE. CO inhibits CSE by stimulating sGC/PKG signaling, in contrast to the heme-dependent inhibition of CBS by CO (4, 6, 8, 9) . PKG phosphorylates CSE at Ser 377 , rendering it inactive. CSE phosphorylation is O 2 -dependent and reversible, further suggesting that this phosphorylation event functions in a signaling capacity. The complex interplay between three gases-O 2 , CO, and H 2 S-and its impact on carotid body sensory nerve activity and breathing is summarized in Fig. 7 . The tight posttranslational regulation of CSE activity by PKG-dependent phosphorylation suggests a possible role for protein phosphatases and/or cGMP-dependent phosphodiesterases, which remain to be studied.
Alternative mechanisms for H 2 S generation during hypoxia have been proposed in trout gill chemoreceptors (27) , in cyclostome blood vessels (28) , and in Caenorhabditis elegans neurons (29) . Increased H 2 S concentrations during hypoxia in lower vertebrates have been attributed to decreased oxidative degradation of H 2 S (30). While such a mechanism may operate in lower vertebrates, our results indicate that in the mammalian carotid body, H 2 S generation by CSE is not directly sensitive to changes in O 2 ; instead, it is regulated through O 2 -dependent CO generation by HO-2.
A role for HO-2 in O 2 sensing by the carotid body has been previously proposed (2, 31) . Consistent with this possibility, genetic knockout of HO-2, like hypoxia, increased the baseline sensory nerve activity and H 2 S generation of the carotid body. However, we did find that HO-2-null carotid bodies still responded to hypoxia as previously reported (32) . Further investigation revealed that loss of HO-2 in glomus cells prompts an unanticipated compensatory increase of another O 2 -sensitive gaseous messenger-generating enzyme, nNOS, which catalyzes the generation of NO. Although the mechanisms underlying the compensatory increase of nNOS in glomus cells of HO-2-null mice remain to be investigated, inhibition of nNOS eliminated sensory nerve excitation and H 2 S generation in response to hypoxia in HO-2-null carotid bodies. The O 2 affinity of nNOS is much lower (apparent K m = 350 mM or 250 mmHg) (21, 22) than that of HO-2 (apparent K m = 88 mM or~65 mmHg), suggesting that even a modest reduction in PO 2 will lead to decreased NO production by nNOS. Similar to CO, NO also inhibits carotid body sensory nerve activity (21, 22) (10) . Together, these findings suggest that H 2 S transduces the hypoxic stimulus to changes in ion channel function and neurotransmitter release from glomus cells to elicit sensory nerve excitation.
Dysregulation of CO and H 2 S production in the carotid body can give rise to an abnormal chemosensory reflex, resulting in pathological consequences such as hypertension, pulmonary edema, and poor ventilatory adaptation to hypoxia (3, (34) (35) (36) (37) . Solely by correcting abnormal CO insets in the tracings of (B), (C), and (F) to (I) show superimposed action potentials of the sensory nerve fiber from which the integrated carotid body sensory nerve activity [CB activity; impulses per second (imp/s)] was derived. Black horizontal bars marked with "Hx" represent the duration of the hypoxic challenge (n = 3 independent experiments for H 2 S measurements and n = 6 carotid bodies for each genotype and treatment for sensory nerve activity measurements). **P < 0.01. See fig. S4 for data on YC-1.
or H 2 S concentrations, it has been possible to successfully control hypertension in spontaneous hypertensive rats and prevent pulmonary edema in rats exposed to hypobaric hypoxia (3) . Given the explosion of interest in surgically transecting carotid bodies as a therapeutic strategy in patients with essential hypertension and heart failure (38, 39), we believe that pharmacologically perturbing components of the sGC/PKG signaling pathway identified in this study is a more viable and safer approach for treating carotid body-related morbidities. Moreover, whereas gaseous messengers are important for O 2 sensing, their biological functions are by no means confined to it. It is becoming increasingly recognized that dysregulated and (D) to (G) represent means ± SEM (n = 3 for each genotype and treatment for H 2 S measurements, n = 6 to 8 carotid bodies for each genotype and treatment for sensory nerve activity measurements, and n = 3 independent experiments for H 2 S measurements and CSE phosphorylation in HEK-293 cells). **P < 0.01. ), the insets present superimposed action potentials of the sensory nerve fiber from which the integrated carotid body sensory nerve activity (CB activity; imp/s) was derived, and black bars marked with "Hx" represent the duration of the hypoxic challenge. Images in (A) are representative of three mice per genotype. The graphs in (B), (C), (E), and (F) represent means ± SEM (n = 3 independent experiments for CO and H 2 S measurements and n = 6 carotid bodies for each genotype for sensory nerve activity measurements). **P < 0.01.
gaseous signaling contributes to diverse diseases, including hypertension (3, 11) and Parkinson's disease (40) . Given that HO-2, NOS, and CSE are all present in the vasculature as well as in neurons (41) (42) (43) , dysregulated crosstalk between CO, NO, and H 2 S may contribute to the pathophysiology of these disorders. Accordingly, this newfound understanding of gaseous messenger signaling likely has substantial implications in a diverse set of physiological and pathophysiological conditions.
MATERIALS AND METHODS
Plasmids, cell culture, and transfection HO-2 (rat) was cloned into pcDNA3.1 with N-terminal myc tag. Mouse CSE was cloned into pCMV-myc. Mutations of HO-2 and CSE were performed using the QuikChange II XL mutagenesis kit (Agilent Technologies, #200521) according to the manufacturer's instructions. Mutations were verified by Sanger sequencing at the University of Chicago Core sequencing facility. HEK-293 cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies, #11995-065), 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 U/ml) in 5% CO 2 atmosphere at 37°C. Cells were plated on 60-mm plates and transfected with 0.5 mg of plasmid pcDNA encoding either wild-type or mutant HO-2 and/or 2 mg of plasmid DNA encoding either wild-type or mutant CSE using Lipofectamine (Invitrogen, #18324-012) according to the manufacturer's protocol.
Immunoblot and immunoprecipitation assays
Immunoblot assays (HO-2, CSE, sGCa1, PKG II, and phosphoserine) and immunoprecipitation of CSE in HEK-293 cell lysates were performed as described (44) . The following primary antibodies were used: anti-HO-2 (1:1000; Abcam, #ab90492), anti-CSE (1:1000; Novus Biologicals, #NBP1-52849), anti-sGCa1 (1:1000; Abcam, #ab50358), anti-CGK2 (PKG II; 1:1000; Abcam, #ab110124), anti-phosphoserine (1:1000; Chemicon International, #AB1603), and anti-a-tubulin (1:1000; Sigma-Aldrich, #T6199).
Measurements of H 2 S and CO
H 2 S and CO generation in HEK-293 cells and carotid bodies was determined as previously described (7) . In the experiments involving carotid bodies, six tissues from three mice were pooled in a given experiment. In experiments assessing the effect of PO 2 on H 2 S and CO generation, sealed tubes containing the reaction medium along with the center well were flushed with either 21% O 2 or varying proportions of O 2 -N 2 gas mixtures for 15 min. PO 2 in the reaction medium was determined by a blood gas analyzer (ABL5, Radiometer). H 2 S concentrations were calculated from a standard curve relating Na 2 S concentration to absorption at 620-nm light. CO concentrations were calculated from a standard curve relating CORM-2 ([Ru(CO) 3 Cl 2 ] 2 ; 1 mol of CORM-2 is equivalent to 0.7 mol of CO) to absorption at 590-nm light. The generation of H 2 S and CO was expressed as nanomoles per hour per milligram of protein.
Measurements of cGMP cGMP concentrations were determined by a chemiluminescent enzyme-linked immunosorbent assay (Cell Biolabs, # STA-506) according to the manufacturer's instructions. Before the experiment, cells were treated with 1 mM IBMX (3-isobutyl-1-methylxanthine) to inhibit degradation of cGMP by phosphodiesterases. cGMP concentrations were normalized to protein concentration as determined by bicinchoninic acid assay.
Measurements of intracellular calcium concentrations
Intracellular calcium concentrations ([Ca 2+ ] i ) in HEK-293 cells were measured using Fura-2AM as previously described (10) . Background fluorescence was subtracted from signals. Image intensity at 340 nm was divided by 380-nm image intensity to obtain the ratiometric image. Ratios were converted to free [Ca 2+ ] i using calibration curves constructed in vitro by adding Fura-2 (50 mM, free acid) to solutions containing known concentrations of Ca 2+ (0 to 2000 nM). The recording chamber was continually superfused with solution from gravity-fed reservoirs.
Preparation of mice
Experiments were approved by the Institutional Animal Care and Use Committee of the University of Chicago and were performed on age-matched, male Bl6, HO-2 −/− and CSE −/− mice (from S. H. Snyder and R. Wang) unless otherwise noted. Double HO-2 and CSE knockout mice were created by crossing HO-2 −/− females with CSE −/− males. Animals were euthanized by intracardiac injection (0.1 ml) of euthanasia solution (Beuthanasia-D Special, Schering-Plough).
Immunocytochemistry
Carotid bodies were harvested from anesthetized mice and perfused with heparinized saline followed by 4% paraformaldehyde for 30 min. Adjacent carotid body sections (8 mm thick) were immunostained with either rabbit anti-tyrosine hydroxylase antibody (1:4000; Pel-Freez, #P40101), rabbit anti-HO-2 antibody (1:200 dilution; Abcam, #ab90492), or rabbit antinNOS antibody (1:200; Cell Signaling, #4231) as previously described (3, 7) .
Carotid body sensory nerve activity
Sensory nerve activity was recorded from ex vivo carotid bodies harvested from anesthetized mice as previously described (3, 7) . Briefly, the carotid sinus nerve was treated with collagenase, and a few nerve bundles were isolated. Action potentials from one of the nerve bundles were recorded using a suction electrode (~20-mm-diameter tip). In general, two to three action potentials of varying size and amplitude were seen in a given nerve bundle. Action potentials of similar height, duration, and shape ("single" unit) were selected using Spike histogram software (LabChart 7 Pro) for analysis of the sensory nerve activity. To obtain a stable baseline sensory nerve activity, carotid bodies were first superfused for 1 hour with normoxiaequilibrated medium. Subsequently, baseline sensory nerve activity under normoxia was recorded for 5 min. Sensory nerve responses to hypoxia were monitored for 3 min. The PO 2 in the medium was determined by a blood gas analyzer (ABL 5). Hypoxic response was measured as the difference between the sensory nerve activity under baseline and during hypoxia (Dimp/s).
Quantitation of PKG isoform mRNA
The mRNA expression of PKG I and PKG II was analyzed in the carotid bodies by quantitative real-time polymerase chain reaction (Bio-Rad), and the data were normalized with 18S mRNA as previously described (45) . Two carotid bodies were pooled in a given experiment. The primers used for PKG I (Prkg1), PKG II (Prkg2), and 18S ribosomal RNA (rRNA) were as follows: Prkg1, CCTTGCAGGGGGAGGATGTAA (forward), TTGG-CGAAGAAGGCAGCTTC (reverse); Prkg2, CTGCGGAGCAAAGTGG-CAGA (forward), CCTGCAGCTTGTTCAGCTGGAT (reverse); 18S rRNA, GTAACCCGTTGAACCCCATT (forward), CCATCCAATCGG-TAGTAGCG (reverse).
Drugs
The following drugs were used: CORM-2 (Sigma-Aldrich, #288144), ODQ (Tocris Bioscience, #0880), YC-1 (Sigma-Aldrich, #Y102), 8-pCPT (Enzo Life Sciences, #BML-CN206-001), 7-NI (Tocris Bioscience, #0602), W7 (Tocris Bioscience, #0369), NOC-18 (Sigma-Aldrich, #A5581), and IBMX (Sigma-Aldrich, #I5879). All drugs were freshly prepared during the experiment. The following concentrations of drugs were used: CORM-2, 10 mM; 8-pCPT, 10 mM; ODQ, 15 mM; YC-1, 30 mM; W7, 100 mM; and NOC-18, 250 mM. In experiments involving HEK-293 cells, cells were treated with desired concentration of drugs 30 min before the experiment. In the studies with ex vivo carotid bodies, the chemoreceptor tissue was continuously superfused with desired concentration of drugs added to the reservoirs. In the experiments with 7-NI, mice were treated with 7-NI (10 mg/kg intraperitoneally) 1 hour before harvesting carotid bodies for recording sensory nerve activity.
Data analysis and statistics
All data were reported as means ± SEM derived from three independent biological experiments, unless otherwise stated in the figure legends. Statistical analysis was performed with either one-way or two-way analysis of variance (ANOVA) with repeated measures followed by post hoc Tukey's test. For the analysis of normalized data, the Mann-Whitney test was used. P values <0.05 were considered significant.
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